A new Mg-Gd-Zn-base cast alloy was developed for high strength casting products. Effects of Zn content on microstructures and tensile strength were investigated. Both Mg-3.2%Gd-0.5%Zn-0.2%Zr (in mol%, 0.5GZ) and Mg-3.2%Gd-0.75%Zn-0.2%Zr (0.75GZ) alloys showed remarkable age hardening by precipitation of 0 phase with bco structure as similar to Mg-Gd-Y-Zr alloy. The precipitates are finer and denser than those of Mg-Gd-Y-Zn-Zr alloy by Zn and a large amount of Gd addition. Mg 3 Gd compound particles remained at grain boundaries after solution treatment. Long period stacking ordered (LPSO) phase did not form. It is considered that Mg 3 Gd particles suppressed grain coarsening during the heat treatment, and provided fine grain structure of about 30 mm in diameter. Tensile strength of the T6-treated 0.5GZ alloy was 410 MPa at room temperature and the high strength was kept by 473 K.
Introduction
Lightweight magnesium alloys have attracted interests in various transport vehicles such as automobiles and aircrafts for weight saving and/or fuel efficiency improvement. However, applications of magnesium alloys are limited since conventional magnesium alloys are still insufficient in mechanical properties and corrosion resistance. Recently, many new magnesium alloys have been developed. They have good mechanical properties after plastic forming such as extrusion and rolling.
It is well known that addition of rare-earth elements to magnesium also can improve mechanical properties and corrosion resistance. Especially, the magnesium alloys containing Y or heavy rare earth elements show quite high strength. [1] [2] [3] [4] [5] [6] [7] [8] [9] It was reported that the rolled and heat treated Mg-Gd-Y alloy exhibited both high tensile strength exceeding 400 MPa, and good corrosion resistance.
It was also reported that long period stacking ordered phase (LPSO phase) were introduced in Mg-RE alloys containing Zn. Furthermore, Zn addition improves precipitation hardenability. Many researchers are also paying attention to the Mg-Y-Zn alloys with excellent mechanical properties manufactured by means of powder metallurgy and/or rolling process. 5, [10] [11] [12] Poor plastic formability of magnesium alloys is one of the most important issues. Therefore, development of new casting alloys with high strength for near net shape products are strongly desired. In this work, Mg-Gd base high strength casting alloys based on Mg-Gd system containing Zn were developed. Effects of Zn content on microstructures and mechanical properties were investigated.
Experimental Procedures
A Mg-3.2%Gd-0.5%Zn-0.2%Zr alloy (in mol%, hereafter 0.5GZ alloy) and a Mg-3.2%Gd-0.75%Zn-0.2%Zr alloy (in mol%, hereafter 0.75GZ alloy) alloy were prepared. The compositions of alloys used in present study are shown in Table 1 . Zirconium was added to the alloys as a grain refiner. Pure magnesium with a purity of 99.9% and Mg-30 mass%Gd master alloy were firstly melted using electric resistance furnace and then, pure zinc with a purity 99.99% and Mg-30 mass%Zr master alloy were added to the melt. Flux refining was performed before the addition of Mg-30 mass%Zr. The molten alloy was stirred and kept at 1053 K for 0.9 ks, and then, poured into the steel mold held at 573 K. Size of cast products excluding feeder part was 155 mm-long, 40 mm-wide, 115 mm-high. In order to handle the molten magnesium safe, the melt surface was covered with a SF 6 + CO 2 gas.
Heat treatments were performed to the cast products; solution treatment at 773 K for 43.2 ks, hot water quenching and aging treatment at 498 K. Aging time was changed from 1.8 ks to 921.6 ks. The aging time giving the maximum hardness was chosen for the T6 condition. Both solution treatment and aging were carried out under Ar atmosphere. Hardness change was evaluated using a Vickers Hardness tester and a Micro Vickers Hardness tester. Tensile tests were carried out using a round bar specimen with 4 mm in diameter. The gage length was 20 mm. The tests were performed at a room temperature, and high temperature (423, 473, and 523 K), in an electric resistance furnace in air. The strain rate was 10 Â 10 À3 Ás À1 . Microstructures were investigated for as-cast and postheat treatment conditions using an optical microscope and a transmission electron microscope. 
Results and Discussion

Effects of Zn content on microstructures and aging curves
Microstructures of the as-cast specimens are shown in Fig. 1 . Both alloys mainly consist of -Mg grains exhibiting lamellar structures, and intermetallic compounds along grain boundaries. Grain size and area fractions of the intermetallic compounds are the almost same in both as-cast alloys. Grain size is about 30 mm, and relatively fine in comparison with other magnesium alloys containing no Zr sand castings. This is considered to be the effect of Zr as a grain refining and a large cooling rate in the steel mold casting.
Microstructures after solution heat treatment (T4) are shown in Fig. 2 . Even after the solution treatment, intermetallic compounds remained at grain boundaries, in spite that they became globular. In contrast, the lamellar structures in grains were completely disappeared. The grain size little changed even after the solution treatment. Grain coarsening easily occurred in Mg-Gd alloy having no intermetallic compounds at grain boundaries. 7) Therefore, the intermetallic compounds are seemed to suppress grain growth.
Aging curves at 498 K are shown in Fig. 3 . The alloys show significant age-hardening. The peak hardness was attained at 28.8 ks in 0.5GZ alloy and 57.6 ks in 0.75GZ alloy, respectively. Peak values are 138HV in 0.5GZ alloy and 128HV in 0.75GZ alloy. From these results, aging conditions for T6 treatment were chosen as 498 K, and 28.8 ks in 0.5GZ alloy, and 498 K and 57.6 ks for 0.75GZ alloy, respectively. Figure 4 shows a bright field TEM image and a diffraction pattern of -Mg matrix phase of T6-treated 0.5GZ alloy. It was revealed that a large amount of fine precipitates exist in the -Mg grain. Size and density of precipitates are smaller and higher than those of Mg-Gd-Y-Zn alloy. Figure 5 shows a bright field image of Mg-2.0Gd-1.2Y-0.75Zn-0.2Zr alloy for comparison. Furthermore, from the diffraction pattern, it is confirmed that the precipitate is 0 phase with a bco structure. It is known that Zn addition to Mg-Gd alloy produced fine precipitates.
8) The composition of Gd in the developed alloy is higher than that of the alloy mentioned above. Therefore, it is expected that Zn and a large amount of Gd addition resulted in finer and denser precipitates, and which provided improved strength. For the intermetallic compound particles along grain boundaries, the fcc based pattern is confirmed by XRD and SAD as shown in Fig. 6 . No LPSO phase was observed. X-ray diffraction pattern indicates existence of Mg 3 Gd with fcc based structure. From these results, it is concluded that the intermetallic compound particles along grain boundaries are Mg 3 Gd. 
Effect of Zn content on tensile properties
Tensile properties of T6-treatd 0.5GZ and 0.75GZ alloy at room temperature are shown in Fig. 7 . Tensile strength of 0.75GZ alloy specimen is about 380 MPa. On the other hand, that of 0.5GZ alloy is 410 MPa, that is higher than that of 0.75GZ alloy as predicted by the hardness values. The tensile strength of 0.5GZ alloy is far superior to those of the conventional high strength magnesium and aluminum alloys for castings such as WE54, 356 alloys. Tensile strength of the alloy and other conventional magnesium and aluminum cast alloys are shown in Table 2 for comparison. Consequently, Mg-3.2Gd-0.5Zn-0.2Zr alloy was chosen as a first candidate for the high strength cast alloy.
Tensile properties of T6-treated 0.5GZ alloy at elevated temperature are shown in Fig. 8 . In the elevated temperature range, high tensile strength of about 400 MPa is kept up to 473 K. The tensile strength of the 0.5GZ alloy at 473 K is far superior to WE54A, 356 and A201-T6 alloys 13) as shown in Table 2 . The 0.2% proof stress is over 300 MPa at room temperature and this value is kept up to 423 K. Furthermore, high tensile strength and 0.2% proof stress are maintained 340 MPa and 260 MPa even at 573 K. These facts mean that the developed casting alloy has excellent heat resistance in addition to the high strength at room temperature. However, elongation is quite low and the maximum elongation is about 2% at room temperature. Improvement of ductility is required for the alloy. In order to investigate the properties of the intermetallic compounds, hardness of -Mg matrix phase and intermetallic compound in T6-treated 0.5GZ alloy were measured using a micro Vickers hardness tester. The results are shown in Fig. 9 . The hardness of matrix phase and the intermetallic compounds are 135HV and 170HV respectively. There are no cracks around Vickers impression in intermetallic compounds.
SEM images of fracture surfaces and OM images of cross sections adjacent to fracture surfaces of T6-treated 0.5GZ alloy specimen are shown in Figs. 10 and 11. Brittle fracture surfaces and cracks are observed for the specimens tested at temperatures below 473 K. Many lines like a river pattern are observed on the cleavage-like flat surfaces. These lines may indicate that fracture occurred at twin boundaries. Some cracks are observed at intermetallic compounds in the cross section view of the specimens tested at room temperature, as shown in Fig. 11 . It is considered that most of the cracks are initiated at intermetallic compounds and propagated along twin boundaries in matrix phase and intermetallic compounds at grain boundaries. Fracture surface morphologies gradually changed with increasing test temperature. Ductile surfaces are dominant and amount of twins increases in the temperature range from 473 to 573 K. It is found that grains are deformed along the load direction, and amount of cracks in the intermetallic compounds decreases. From these results, it is considered that grain deformability increases with increasing the activity of nonbasal slip at higher temperatures, and these results in an increase elongation in fracture. 
Conclusions
A new magnesium casting alloy, high strength Mg-Gd-Znbase alloy was developed and effects of Zn content on microstructures and tensile strength were investigated. Obtained results are summarized as follows: (1) Mg-3.2%Gd-0.5%Zn-0.2%Zr (in mol%, 0.5GZ) and Mg-3.2%Gd-0.75%Zn-0.2%Zr (0.75GZ) alloys showed remarkable age hardening by precipitation of 0 phase with bco structure as well as Mg-Gd-Y-Zr alloy. The precipitates became finer and denser by Zn and a large amount of Gd addition than those of Mg-Gd-Y-Zn-Zr alloy. Mg 3 Gd compound particles remained at grain boundaries even after solution heat treatment. It is considered that these suppressed grain coarsening during the solution heat treatment, and provided fine average grain size of about 30 mm.
(2) Tensile strength of the T6-treated alloy specimen was 410 MPa at room temperature and the high strength was maintained up to 473 K. (3) Cracks initiated at intermetallic compound particles and propagated along grain boundaries or twin boundaries in T6-treated 0.5GZ alloy specimen.
